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Metal-catalyzed oxidation of extracellular matrix increases mac-
rophage nitric oxide generation.
Background. Oxygen radicals are believed to play a significant
role in glomerular disease. In part this may be due to oxidation of
lipids, but protein oxidation may play a contributory role as well.
We have demonstrated that the mesangial extracellular matrix is
susceptible to metal-catalyzed oxidation and that this increases
scavenger receptor-mediated adhesion of macrophages, cells
which appear to be important participants in glomerular injury via
their secretory products. As other scavenger receptor ligands can
increase macrophage nitric oxide generation, we examined
whether oxidation of matrix could increase the activity of macro-
phage inducible nitric oxide synthase (iNOS).
Methods. Extracellular matrix was oxidized using a metal-
catalyzed oxidation system. Matrix oxidation was measured using
carbonyl analysis, and iNOS activity in macrophages seeded onto
the matrix was measured by nitrite determination and Western
and Northern analyses for iNOS.
Results. Macrophages exposed to oxidized matrix demonstrated
a significant enhancement of iNOS activity. This enhancement
could be antagonized by cotreatment of matrix with the radical
spin trap N-tert-butyl-a-phenylnitrone, resulting in a correspond-
ing decrease in protein carbonyl content, a measure of protein
oxidation. Seeding macrophages onto oxidized matrix and adding
the scavenger receptor ligand polyinosinic acid further augmented
iNOS activity, suggesting that additional scavenger receptors were
available to bind ligand and that further augmentation of iNOS
activity did not require an additional change in cell shape.
Western blot analysis revealed an increase in iNOS protein
expression as a consequence of interaction with the oxidized
matrix, but there was no difference in iNOS mRNA expression by
Northern analysis suggesting a post-transcriptional mechanism for
enhanced iNOS activity.
Conclusion. These data demonstrate that oxidation of extracel-
lular matrix enhances macrophage nitric oxide generation, and
suggest a previously undescribed role for extracellular matrix
modification in the regulation of cellular function and possibly the
mediation of glomerular injury.
Macrophages are regarded as important modulators of
glomerular injury [1], most likely via their rich array of
secretory products [2]. Macrophage accumulation in the
mesangium precedes the development of glomerulosclero-
sis [1, 3], a lesion ameliorated by measures that prevent an
increased number of macrophages in the mesangium such
as the use of antimacrophage serum, induction of essential
fatty acid deficiency and x-irradiation [3–5]. Many studies
have implicated oxygen radicals (perhaps generated by
macrophages themselves or mesangial cells) in the patho-
genesis of glomerular disease, as well as other processes
such as aging and atherosclerosis [6–16]. Oxygen radicals
may promote glomerular injury via the oxidation of lipids
such as low density lipoprotein and membrane-bound lipids
with resultant adverse effects on cellular function [12].
Little is known, however, regarding how oxidative modifi-
cation of other substrates in the glomerulus, such as
proteins, may alter glomerular structure and function.
Once thought to serve only as an inert scaffolding for
cells, the extracellular matrix (ECM) is increasingly recog-
nized to be a dynamic structure capable of regulating
cellular function via interaction of adhesion molecules on
cells with specific peptide sequences in the ECM [17–23].
The precise molecular interactions and intracellular signal-
ing events as a consequence of normal cell-ECM interac-
tion are being delineated in increasing detail as reviewed
elsewhere [24]. However, little is known regarding how
biochemical modification of the ECM can affect cellular
function. Accumulation of oxidized proteins has been
demonstrated to occur in aging and in processes character-
ized by enhanced oxidative stress [15, 25–28]. We have
demonstrated that mesangial ECM is susceptible to metal-
catalyzed oxidation (MCO) and that such modification
enhances adhesion of macrophages, most likely via scaven-
ger receptor binding to oxidized moieties in the ECM [29].
However, it is unknown whether interaction of macro-
phages with oxidized mesangial ECM may alter their
function.
Among their many secretory products, macrophages can
synthesize nitric oxide (NO [30]), an agent implicated in a
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variety of conditions such as pulmonary injury [31], rheu-
matoid arthritis [32] and septic shock [33] among others.
NO is also generated in the kidney and may play a
significant role in modulating glomerular injury and can
affect other processes such as renal hyperfiltration in
diabetes mellitus [34–41]. Lipopolysaccharide (LPS) is a
well-known stimulus for increased NO generation in mac-
rophages [42]. While in vivo this occurs via binding of LPS
to LPS-binding protein which then binds to CD14, in vitro
LPS binds directly to scavenger receptors on macrophages
and increases NO generation [43]. The unique polycationic
structure of the scavenger receptor allows it to bind a
variety of polyanionic ligands other than LPS [43]. We have
shown that the polyanion heparin, for example, can in-
crease NO generation by glomerular mesangial cells [44].
Hence, binding of ligand to the scavenger receptor may
represent an important mechanism for modulating macro-
phage NO generation via increased expression of inducible
nitric oxide synthase (iNOS [45]). As binding of other
ligands to the scavenger receptor can increase iNOS activity
and enhance NO generation, it is plausible that macro-
phage binding to oxidized ECM could result in increased
NO generation. In the present study we have evaluated
whether macrophage interaction with oxidized ECM can
modulate iNOS activity.
METHODS
Oxidation of extracellular matrix using a metal-catalyzed
oxidation system
Control and oxidized ECM were prepared as previously
described using Matrigel® (Collaborative Biomedical Prod-
ucts, Becton-Dickinson, Bedford, MA, USA), a murine
ECM derived from the Engelbreth-Holm-Swarm (EHS)
tumor containing 56% laminin, 31% type IV collagen, 8%
entactin and 5% heparan sulfate proteoglycan [46]. Twen-
ty-four-well plastic tissue culture plates (Becton Dickinson,
Lincoln Park, NJ, USA) were coated with ECM diluted in
serum-free, phenol red-free RPMI 1640 at 4°C (GIBCO,
Grand Island, NY, USA) and incubated at room tempera-
ture to produce a thin adherent coating of ECM on the
bottom of each well. Selected wells were incubated with a
MCO system consisting of 2 mM FeCl3, 2.4 mM EDTA and
25 mM ascorbate (herein referred to as MCO) at 37°C as
described [29, 46]. Control wells were incubated with 2.4
mM EDTA solution without ascorbate or FeCl3. At the end
of the incubation period all wells were washed five times
with phosphate buffered saline (PBS) and then used imme-
diately for experiments.
Measurement of ECM protein carbonyl content using
2,4-dinitrophenylhydrazine
Oxidative modification of proteins by MCO systems
results in the production of protein carbonyl derivatives
that can be quantitated by incubation with 2,4-dinitrophe-
nylhydrazine (2,4-DNPH) to form stable protein hydra-
zones that can be measured spectrophotometrically [26].
We have previously used this method to quantitate MCO of
ECM proteins derived from glomerular mesangial cells as
well as from EHS ECM, as described in detail [29, 46]. In
brief, ECM was scraped and precipitated in 10% trichloro-
acetic acid (TCA) at 4°C. Samples were centrifuged and the
precipitate resuspended in 10 mM 2,4-DNPH in 2 N HCl. In
parallel, samples of control and MCO system-treated ECM
were incubated with 2 N HCl without 2,4-DNPH as well. In
all experiments the incubation with 2,4-DNPH or HCl
alone was carried out at room temperature for 60 minutes
with vortexing every 10 minutes. The proteins were precip-
itated in TCA, centrifuged and the supernatant was dis-
carded. Samples were extracted three times with 1 ml
ethanol-ethylacetate (1:1, vol/vol). The precipitate was re-
dissolved in 6 M guanidine solution in 20 mM potassium
phosphate adjusted to pH 2.3 with 0.05% trifluoroacetic
acid, any remaining insoluble material was removed by
centrifuging and absorbance measured in a spectrophotom-
eter at 374 nm. The difference in absorbance between
DNPH treated samples and samples treated in parallel with
HCl alone without DNPH was used to calculate the
carbonyl content using the molar absorption coefficient of
22,000 M21 cm21 for aliphatic hydrazones [26]. Protein
content of samples was determined using the method of
Bradford [47]. Carbonyl content of samples was recorded
as nmol carbonyl/mg cellular protein.
Incubation of macrophages with oxidized and unmodified
ECM
J774.16 macrophages, an established macrophage cell
line derived from a murine reticulum cell sarcoma, were
used in all experiments. Hence, in all of the experiments
both the source of ECM and macrophages were of murine
origin. These cells were grown in 100 mm diameter plastic
tissue culture petri dishes (Corning, NY, USA) in Dulbec-
co’s Modified Eagle’s Medium (DMEM) containing 10%
heat-inactivated fetal calf serum (FCS; GIBCO), 50 U/ml
penicillin (GIBCO) and 50 mg/ml streptomycin (GIBCO)
in a humidified 95% air, 5% CO2 environment at 37°C as
described [29]. For experiments macrophages were washed
with PBS and were then incubated in Dulbecco’s PBS
containing 1 mM CaCl2, 1 mg/ml dextrose and 1 mM
L-arginine (Sigma Chemical Company, St. Louis, MO,
USA) and detached from the dishes by gentle pipetting.
Macrophages were then seeded at 5 3 105 cells/ml onto
wells that had been coated with ECM that had been
oxidized or treated under control conditions for three
hours as described above and incubated at 37°C. Cells were
seeded at this concentration in all experiments. One milli-
liter per well was added in the case of 24-well plates and 2
ml per well were added in the case of six-well plates. Other
than the experiments where LPS alone was added as
described below, no known NO-stimulating agents such as
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LPS with or without interferon-gamma were added to the
media. Aliquots of media were taken at varying time points
for analysis of NO generation as described below.
Nitrite accumulation as a measure of nitric oxide
generation
Estimation of nitric oxide generation under each exper-
imental condition was carried out as described with modi-
fication [44]. Aliquots of supernatant (100 ml) were col-
lected and combined with an equal volume of the Griess
reagent [48] consisting of 1% sulfanilic acid (Sigma) in 5%
phosphoric acid (HPLC grade; Fisher) and 0.1% N-(1-
naphthyl)-ethylenediamine (Sigma). These solutions were
prepared and stored separately at 4°C and combined in a
1:1 ratio before each assay was carried out [48]. Dilutions of
sodium nitrite (Sigma) prepared in the identical buffer as
that used for macrophage-ECM experiments were also
incubated with the Griess reagent in order to generate a
standard curve. After a 20 minute incubation at room
temperature, absorbance was measured using a Beckman
ELISA plate reader at 570 nm and nitrite content of each
sample determined by comparison with the simultaneously
generated standard curve and expressed as nmol nitrite per
106 cells.
Effects of the radical spin trap PBN
It is plausible that incubation of macrophages with the
MCO system-treated ECM could alter NO generation by a
mechanism independent of oxidative modification of the
ECM. In an attempt to exclude this possibility and demon-
strate the specificity of protein oxidation in altered NO
generation, the radical spin trap N-tert-butyl-a-phenylni-
trone (PBN) was used. We and others have used this agent
to antagonize MCO of proteins [27, 46]. In these experi-
ments, selected wells on 24-well culture plates coated with
ECM were incubated with PBN (100 mg/ml) before addi-
tion of the MCO system (also containing PBN 100 mg/ml)
as described above and the agents incubated with ECM for
varying time periods. Other wells were treated either with
PBN alone, EDTA alone or the MCO system alone. The
ECM was then thoroughly washed and assayed for carbonyl
content as above. To determine the effect of attenuating
ECM oxidation on macrophage nitrite generation, in other
experiments, ECM was incubated for three hours under
control conditions with or without PBN or with the MCO
system with or without PBN, washed and seeded with
macrophages. After a three hour incubation nitrite mea-
surements were carried out as described above.
Effect of soluble and anchored scavenger receptor
ligands on nitrite accumulation
In our experiments a thin coating of ECM was produced,
thus allowing one surface of the macrophage to be exposed
to the ECM that may result in some scavenger receptors
remaining available to bind additional ligand. In these
experiments macrophages were seeded onto unmodified or
oxidized ECM (generated by a 3 hr incubation under
control conditions or with the MCO system) and after a one
hour incubation polyinosinic acid (poly[I], 10 mg/ml final
concentration; Sigma) was added to selected wells. Macro-
phage adhesion to tissue culture plastic has been shown by
other investigators to be mediated via scavenger receptors
[49] and could serve as a comparison model for anchored
scavenger receptor ligand. Hence, in other experiments
macrophages were seeded directly onto tissue culture plas-
tic, unmodified or oxidized ECM with or without the
addition of lipopolysaccharide (E. coli 011:B4 prepared by
phenol extraction, 1 mg/ml final concentration; Sigma)
without interferon-gamma. Aliquots were then taken for
measurement of nitrite after three hours incubation as
described above.
SDS-PAGE and Western blot analysis
To determine whether exposure to oxidized ECM could
alter levels of iNOS protein in macrophages, oxidized and
control ECM were prepared on six-well culture plates in an
identical fashion as for other experiments (except that
6-well plates were used instead of 24-well plates). After
coating the plates, ECM was treated for three hours with a
solution of EDTA alone (control) or the MCO system
described above with or without PBN at 100 mg/ml as
described above. In separate experiments macrophages
were seeded onto control ECM with or without poly(I) at
10 mg/ml. After washing the matrices, J774.16 macrophages
suspended in DMEM plus 2% FCS were seeded onto the
wells and incubated for three hours. The plates were then
placed on ice for 10 minutes, the media were aspirated and
cells gently washed three times with ice-cold PBS. Cells
were then incubated at room temperature in lysis buffer (50
mM Tris-HCl pH 7.4, 2% SDS, 1% Triton X-100, 1 mM
dithiothreitol, 1 mM phenylmethylsulfonylfluoride, 0.5 mM
pepstatin and 0.5 mM leupeptin) for 30 minutes. Examina-
tion of cells in all wells via phase contrast microscopy
confirmed that cell lysis was complete. Wells were scraped
and samples placed in test tubes and vortexed. Samples
were diluted in Laemmli buffer (4% SDS, 20% glycerol,
10% 2-mercaptoethanol, 0.004% bromphenol blue, 0.125 M
Tris-HCl, pH 6.8, Sigma), vortexed and heated at 100°C for
three minutes. Samples (30 mg) were then subjected to
SDS-PAGE using 8% polyacrylamide gels as described by
Laemmli [50] and then electrophoretically transferred to
nitrocellulose membranes (Bio-Rad). The membranes
were blocked with 1% BSA/PBS pH 7.2/0.05% Tween-20
for one hour on a shaker. Membranes were incubated for
one hour with anti-mouse macrophage iNOS antibodies
(Transduction Laboratories) diluted to 1:2000. This anti-
body was chosen as all of our experiments were done with
a mouse macrophage cell line (J774.16). The membranes
were then rinsed twice with PBS-Tween and then washed
with PBS-Tween once for 15 minutes then twice for five
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minutes each at room temperature. Membranes were then
incubated with secondary antibody (HRP-conjugated goat
anti-rabbit IgG) diluted at 1:300 for one hour at room
temperature. The membranes were then washed as above,
incubated with ECL chemiluminescence reagent according
to the manufacturer’s instructions (Amersham) and auto-
radiographs produced using Kodak X-OMAT AR film. The
lower portion of the membranes (where actin migrates)
were incubated with antibodies to mouse b-actin (Santa
Cruz Laboratories) to control for potential differences in
loading. Membranes were then incubated with secondary
antibody and chemiluminescence reagent as above and
autoradiographs produced. Laser densitometry of the
iNOS and b-actin bands was carried out using IS-1000
Digital Imaging System (Alpha Innotech Corp., San Lean-
dro, CA, USA). Densitometric ratios for iNOS compared
to b-actin were calculated for macrophages on oxidized and
control ECM and compared.
Northern blot analysis
For Northern analysis, macrophages were incubated on
control ECM, oxidized ECM and ECM coincubated with
the MCO system plus PBN (each ECM prepared by a 3 hr
incubation under each condition) for three hours as de-
scribed above and total RNA was extracted using the acid
guanidinium thiocyanate method [51]. Samples of 20 mg
were electrophoresed in a 1% agarose gel and transferred
to nylon filters. cDNA probes specific for mouse macro-
phage iNOS and GAPDH were used for hybridization after
[32P]dCTP labeling by random-prime transcription as pre-
viously described [52]. Filters were prehybridized at 65°C
for one to three hours in a prehybridization solution, then
were hybridized at 65°C for 16 hours in the hybridization
solution with addition of the cDNA probe. The filters were
then washed to high stringency with 0.1 3 SSPE and 1%
SDS for 30 to 60 minutes at 65°C. After autoradiography
with an intensifying screen at 270°C the size of respective
RNA was identified via staining the transfer with ethidium
bromide and comparison with ethidium bromide-stained
RNA standards. Quantification of mRNA bands was car-
ried out via computerized laser densitometry with normal-
ization to respective GAPDH bands [52].
Statistical analysis
All experiments were carried out in triplicate with the
mean of each triplicate serving as a single experimental
value. Data are expressed as mean 6 SEM. Statistical
comparisons were carried out using analysis of variance
with Newman-Keuls multiple range testing for intergroup
comparisons or Student’s t-test for comparison of two
groups where appropriate. Linear regression analysis and
calculation of the Pearson correlation coefficient was car-
ried out to determine whether a correlation exists between
ECM protein carbonyl content and macrophage nitrite
accumulation. In all analyses statistical significance was
defined as a two-tailed probability of a type I error of less
than 0.05.
RESULTS
Carbonyl content of ECM subjected to MCO
Figure 1 illustrates the relationship between carbonyl
content of ECM protein and time of incubation with the
MCO system. As shown in Figure 1, at 10 minutes there is
a small increase in carbonyl content which progressively
increases over three hours incubation time, reaching statis-
tical significance by 30 minutes.
Nitric oxide production by macrophages on oxidized
ECM
Macrophage nitrite accumulation on control ECM or
ECM oxidized for one, two or three hours is illustrated in
Figure 2. As this Figure shows, macrophage nitrite accu-
mulation was found to progressively increase with increas-
ing time of incubation with both unmodified as well as
oxidized ECM. Within each time period, though, nitrite
accumulation was greater for macrophages that had been
seeded onto ECM that had been exposed to more pro-
longed oxidation [at 180 min incubation time, macrophages
on unmodified ECM (control), 1.97 6 0.4 nmol nitrite/106
cells; on ECM oxidized for 1 hr, 3.39 6 0.4, P , 0.01; on
Fig. 1. Carbonyl content of extracellular matrix (ECM) incubated with a
metal-catalyzed oxidation (MCO) system. Matrigel®, a murine ECM
derived from the Englebreth-Holm-Swarm tumor, was diluted in RPMI
1640 and used to provide an adherent coating on the wells of tissue culture
plates. ECM was then oxidized using a MCO system consisting of 2 mM
FeCl3, 2.4 mM EDTA and 25 mM ascorbate. At varying time points ECM
was thoroughly washed, scraped from the wells, precipitated in 10%
trichloroacetic acid at 4°C and resuspended in 10 mM 2,4-dinitrophenyl-
hydrazine (2,4-DNPH) in 2 N HCl or 2 N HCl for 60 minutes as detailed
in the Methods section. Carbonyl content was subsequently determined by
determining the absorbance difference of 2,4-DNPH and HCl treated
samples using the molar absorption coefficient 22,000 M21 cm21 for most
aliphatic hydrazones. Total protein content was determined using the
Bradford method. Data are from 3 experiments carried out in triplicate
and are expressed as mean 6 SEM nmol carbonyl per mg protein.
Statistical analysis carried out using analysis of variance with Newman-
Keuls multiple range testing. *P , 0.05 compared to control; **P , 0.01
compared to control.
Mattana et al: Oxidized matrix and macrophage NO generation1584
ECM oxidized for 2 hr, 4.47 6 0.8, P , 0.001 compared to
control; on ECM oxidized for 3 hr, 5.37 6 1.0, P , 0.001
compared to control, N 5 4 experiments carried out in
triplicate]. As illustrated in Figure 2 during each time
period in which macrophages were incubated with ECM
(30, 60, 120 and 180 min), nitrite accumulation was greatest
for macrophages seeded onto ECM that had been treated
with the FeCl3/EDTA/ascorbate system for three hours,
with progressively less for ECM treated for two hours and
one hour, and with the least being found with unmodified
ECM. These data suggest that interaction of macrophages
with oxidized ECM enhances NO generation in a manner
that is both time dependent and is dependent upon the
degree to which the ECM had been oxidatively modified.
Correlation between macrophage nitrite accumulation
and carbonyl content of ECM
A scatter plot was generated to analyze the relationship
between the degree of ECM oxidation, as evidenced by
protein carbonyl content and macrophage NO generation.
In these studies protein carbonyl content was measured in
representative wells treated under identical conditions
prior to the addition of macrophages as described above in
the Methods section. As illustrated in Figure 3 there
appears to be a linear relationship between NO generation
and the carbonyl content of the ECM over the range of
carbonyl content achieved (Pearson correlation coefficient
0.98). This suggests that there is a significant correlation
between the amount of protein oxidation that had taken
place in the ECM prior to incubation with macrophages
and subsequent generation of NO.
Effect of PBN on ECM protein oxidation and
macrophage NO generation
The above results suggest that interaction of macro-
phages with ECM subjected to MCO enhances macro-
phage NO generation in a manner that is related to the
degree of ECM protein oxidation that had taken place.
While this suggests that it is oxidative modification of the
ECM that is responsible for enhancing NO generation by
macrophages, it is plausible that some of the observed
effects could be due to nonspecific effects of the MCO
system treatment with the increased carbonyl content of
Fig. 2. Nitric oxide generation by macrophages
incubated with unmodified (M) and oxidized
extracellular matrix (ECM) [(s) 3 1 hr; (p) 3
2 hr; (f) 3 3 hr]. J774.16 macrophages were
seeded onto unmodified ECM or ECM that
had been oxidized for varying time periods
using a FeCl3/EDTA/ascorbate metal catalyzed
oxidation system as described in Methods and
incubated at 37°C. Nitrite accumulation as a
measure of nitric oxide generation was assayed
at varying time points as described in Methods.
Results are from 4 experiments carried out in
triplicate and are expressed as mean 6 SEM
nmol nitrite per 106 cells. Statistical comparison
carried out using analysis of variance with
Newman-Keuls multiple range testing. *P ,
0.05 compared to respective control; **P ,
0.01 compared to respective control; ***P ,
0.001 compared to respective control.
Fig. 3. Pearson regression analysis of the relationship between extracel-
lular matrix (ECM) protein carbonyl content and macrophage nitric
oxide generation. Macrophage nitrite accumulation as a measure of nitric
oxide generation was determined for macrophages incubated with ECM
that had been either unmodified or treated with the FeCl3/EDTA/
ascorbate metal catalyzed oxidation system for varying time periods as
described in the Methods section. Protein carbonyl content was measured
using 2,4-dinitrophenylhydrazine, and a scatter plot was generated for
nitrite accumulation versus ECM protein carbonyl content. Pearson
regression analysis was utilized and yielded a coefficient of 0.98.
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ECM representing merely an epiphenomenon. To help
exclude this possibility we used the radical spin trap PBN.
As illustrated in Figure 4, ECM protein carbonyl content
was attenuated by the PBN treatment. These experiments
were carried out for up to three hours incubation with the
MCO system alone or with PBN (control, 2.14 6 0.15
nmol/mg protein; 1 hr MCO treatment without PBN,
3.83 6 0.14, P , 0.001 compared to control; 1 hr treatment
plus PBN, 3.06 6 0.19, P 5 NS compared to 1 hr treatment
without PBN; 2 hr treatment without PBN, 4.19 6 0.15, P ,
0.001 compared to control; 2 hr treatment plus PBN, 3.21 6
0.43, P , 0.05 compared to 2 hr treatment without PBN; 3
hr treatment, 5.45 6 0.14 nmol/mg protein, P , 0.001
compared to control; 3 hr treatment plus PBN, 4.38 6 0.34
nmol/mg protein, P , 0.01 compared to 3 hr without PBN;
N 5 4 experiments carried out in triplicate). Incubation of
control ECM for three hours with PBN had no significant
effect on carbonyl content (control, 2.23 6 0.3; PBN,
2.18 6 0.14, p NS, N 5 3 experiments in triplicate).
When macrophages were incubated with ECM that had
been treated under control conditions, with PBN alone or
with the MCO system with or without PBN, the increase in
macrophage nitrite accumulation by oxidized ECM was
found to be significantly attenuated by cotreatment with
PBN (Fig. 5; control without PBN, 3.00 6 0.58 nmol
nitrite/106 cells; FeCl3/EDTA/ascorbate treatment without
PBN, 7.53 6 1.25, P , 0.01 compared to control ECM
Fig. 4. Effect of the radical spin trap N-tert-butyl-a-phenylnitrone (PBN)
on extracellular matrix (ECM) protein carbonyl content. Wells on 24-well
plates were coated with ECM and subsequently treated either under
control conditions, with 100 mg/ml PBN, or with the FeCl3/EDTA/
ascorbate metal catalyzed oxidation (MCO) system with or without 100
mg/ml PBN for varying time periods. Samples were then thoroughly
washed, scraped from the plates and precipitated in 10% trichloroacetic
acid at 4°C. Samples were the incubated with 2,4-dinitrophenylhydrazine
and protein carbonyl content was determined as described in the Methods
section. Data are from 4 experiments carried out in triplicate and are
expressed as mean 6 SEM nmol carbonyl/mg protein. Statistical compari-
sons carried out using analysis of variance with Newman-Keuls multiple
range testing. *P , 0.001 compared to control; **P , 0.05 compared to
ECM treated subjected to MCO for two hours without PBN; ***P , 0.01
compared to ECM subjected to MCO without PBN for three hours.
Symbols are: (f) MCO without PBN; (p) MCO with PBN.
Fig. 5. Nitric oxide generation by macrophages on extracellular matrix
(ECM) treated with the radical spin trap N-tert-butyl-a-phenylnitrone
(PBN). ECM was incubated under control conditions, with 100 mg/ml
PBN, or with a FeCl3/EDTA/ascorbate metal catalyzed oxidation (MCO)
system with or without 100 mg/ml PBN for three hours followed by
thorough washing as detailed in the Methods section. Macrophages were
then seeded onto the 4 types of ECM and after a three hour incubation
nitrite production as a measure of nitric oxide generation was measured.
Data represent nmol nitrite per 106 cells and are from 4 experiments
carried out in triplicate. Statistical comparisons carried out using analysis
of variance with Newman-Keuls multiple range testing. *P , 0.01 com-
pared to control. ** P , 0.05 compared to oxidized ECM not treated with
PBN.
Fig. 6. Effect of the scavenger receptor ligand poly(I) on nitric oxide
generation by macrophages on unmodified and oxidized extracellular
matrix (ECM). Macrophages were seeded onto unmodified or oxidized
ECM (produced by a 3 hr incubation with or without the MCO system as
described in the Methods section) with or without the scavenger receptor
binding agent poly(I) 10 mg/ml and nitrite accumulation measured after a
three hour incubation. Results are from 4 experiments each carried out in
triplicate and are expressed as mean 6 SEM nmol nitrite per 106 cells.
Statistical comparisons carried out using analysis of variance with New-
man-Keuls multiple range testing. *P , 0.05 compared with control ECM;
**P , 0.05 compared with control ECM; ***P , 0.05 compared with
oxidized ECM.
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without PBN; FeCl3/EDTA/ascorbate treated ECM with
PBN, 3.9 6 0.28, P , 0.05 compared with FeCl3/EDTA/
ascorbate treated ECM without PBN, P 5 NS compared
with control ECM, N 5 4 experiments carried out in
triplicate). PBN treatment alone of ECM did not alter
macrophage nitrite accumulation compared to control ex-
cluding any significant effect of PBN treatment unrelated
to antagonizing MCO on nitrite accumulation. These data
suggest that the effect of MCO treatment on macrophage
NO generation is unlikely to be due to nonspecific effects of
the system.
Effect of poly(I) on NO production by macrophages on
oxidized and unmodified ECM
Figure 6 illustrates the results of studies carried out with
the scavenger receptor ligand poly(I). When macrophages
were seeded onto oxidized ECM, allowed to adhere and
then incubated with poly(I), nitrite accumulation was sig-
nificantly enhanced [nonoxidized ECM, no poly(I), 2.97 6
0.23 nmol nitrite/106 cells; nonoxidized ECM plus poly(I),
8.14 6 1.65, P , 0.05; oxidized ECM, no poly(I), 6.86 6
0.62; oxidized ECM plus poly(I), 12.4 6 1.57, P , 0.05, N 5
4 experiments carried out in triplicate]. Hence, increasing
scavenger receptor binding using poly(I) is able to enhance
NO generation on both oxidized and nonoxidized ECM. As
this ligand is soluble, this suggests that a further change in
cell shape does not appear to be required for enhanced NO
generation following interaction with oxidized ECM.
NO generation by macrophages on oxidized ECM,
nonoxidized ECM and plastic under basal and LPS-
stimulated states
As illustrated in Figure 7, nitrite accumulation by mac-
rophages was greatest on oxidized ECM but was also
increased on plastic compared to unmodified ECM. LPS 1
mg/ml enhanced nitrite accumulation on all three substrates
and resulted in comparable levels for LPS-stimulated mac-
rophages on oxidized ECM and plastic. Hence, macro-
phage interaction with tissue culture plastic, a scavenger
receptor-mediated event, appears to enhance NO genera-
tion as well.
Effect of iNOS inhibition and calcium channel blockade
on macrophage nitrite accumulation
To determine whether the increase in nitrite accumula-
tion is due to increased activity of iNOS as opposed to
constitutive forms of NOS that are activated by changes in
intracellular calcium, macrophages were seeded onto con-
trol and oxidized ECM prepared as described in the
experiments above with and without the iNOS inhibitor
Nv-nitro-L-arginine methyl ester (L-NAME, 1023 M, [44])
and the calcium channel blocker cinnarizine (1025 M,
shown by others to effectively block calcium channels at
this concentration [53]), and nitrite accumulation measured
after three hours using the Griess reagent as described
above. As summarized in Table 1, L-NAME completely
prevented the increase in nitrite accumulation by macro-
phages on oxidized ECM, whereas cinnarizine was without
effect. These data suggest that the increase in nitrite
accumulation was iNOS mediated.
Western blot analysis for macrophage iNOS
As illustrated in Figure 8A, Western blot analysis dem-
onstrated an increase in anti-iNOS antibody binding to
samples from macrophages incubated on oxidized ECM
compared to control ECM in which iNOS protein was not
detectable. b-actin antibody binding carried out on the
lower part of the membrane is shown below this. As shown,
Fig. 7. Nitrite production by macrophages on
unmodified extracellular matrix (ECM),
oxidized ECM and tissue culture plastic and
effect of lipopolysaccharide (LPS). Macrophage
adhesion to plastic has been demonstrated to
be mediated via scavenger receptor interaction.
Macrophages were seeded directly onto tissue
culture plastic, onto unmodified ECM or
oxidized ECM (produced by a 3 hr incubation
under control conditions or with a MCO system
described in the Methods section) and nitrite
production as a measure of nitric oxide
generation was measured after a three hours
incubation using the Griess reagent. Data
represent mean 6 SEM nmol nitrite per 106
cells and are from 4 experiments carried out in
triplicate. Statistical comparisons performed
using analysis of variance with Newman-Keuls
multiple range testing. aP , 0.05 compared to
unmodified ECM without LPS. bP , 0.01
compared to unmodified ECM. cP , 0.05
compared to oxidized ECM without LPS. dP ,
0.05 compared to unmodified ECM without
LPS. eP , 0.01 compared to plastic surface
without LPS and P , 0.001 compared to
unmodified ECM with LPS.
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iNOS protein was also undetectable in macrophages incu-
bated on ECM coincubated with the MCO system plus the
radical spin trap PBN, suggesting that attenuating oxida-
tion of the ECM prevented an increase in iNOS protein
expression. Figure 8B is a representative Western blot for
iNOS for macrophages incubated on control ECM with and
without poly(I). An increase in iNOS protein was detect-
able in macrophages incubated on poly(I), while iNOS was
undetectable on control ECM. These data suggest that
soluble scavenger receptor ligand can enhance iNOS pro-
tein expression. Figure 9A and B gives the corresponding
iNOS/b-actin densitometric ratios for each experimental
condition. These data suggest that the increase in macro-
phage NO generation on oxidized ECM was due to an
increase in iNOS protein expression.
Northern blot analysis
As illustrated in Figure 10A, Northern blot analysis for
iNOS revealed no difference in iNOS mRNA between cells
on control ECM, oxidized ECM or ECM treated with the
MCO system in the presence of PBN. To obtain iNOS
bands sufficient for analysis by laser densitometry the film
required a very prolonged exposure (17 days). The corre-
sponding iNOS/GAPDH ratios are given in Figure 10B.
Hence, the ability of interaction of macrophages with
oxidized ECM to enhance iNOS activity appears to occur
by a post-transcriptional mechanism.
DISCUSSION
The ECM plays an essential role in providing structural
support to cells, but also serves as an important regulator of
cellular function. The best described means by which this
takes place is via the interaction between specific amino
acid sequences in the ECM with the extracellular domain
of integrins [reviewed in 24]. Normal integrin-ECM inter-
actions are critical in suppressing the development of
apoptosis in endothelial cells (for example [54]). The
physicochemical nature of integrin-ECM interactions is
increasingly well understood and has provided mechanistic
insight into how ECM can modulate cellular function.
While the nature of normal cell-ECM interaction and the
intracellular signaling resulting in changes in gene expres-
sion linked to this interaction is becoming better under-
stood, little is known regarding the cellular consequences of
biochemical alterations in the ECM. For example, one of us
and others have shown that glycation of ECM alters
mesangial cell proliferation and ECM synthesis [55, 56]. El
Table 1. Effect of calcium channel blockade and iNOS inhibition on
nitrite accumulation by macrophages on oxidized ECM
Nitrite nmol/106 cells
Control 2.32 6 0.34
OX 5.92 6 0.46a
OX/Cinnarizine 6.10 6 0.84b
OX/L-NAME 2.20 6 0.58c
Macrophages were seeded onto control ECM or were seeded onto
oxidized ECM (prepared by a 3 hr incubation with the MCO system
described in the Methods section) in the presence or absence of the
calcium channel blocker cinnarizine (1025 M) or the iNOS inhibitor
L-NAME (1023 M). After a 3 hour incubation media were analyzed for
nitrite accumulation using the Griess reagent. Data are from 4 experi-
ments carried out in triplicate. Data were compared using ANOVA with
Newman-Keuls multiple range testing.
a P , 0.01 compared to control
b P , 0.01 compared to control, P 5 NS compared to OX
c P , 0.01 compared to OX and OX/cinnarizine, P 5 NS compared to
control
Fig. 8. Western blot analysis of macrophage iNOS protein from repre-
sentative experiments. (A) ECM was treated for three hours under control
conditions (C), with the MCO system described in the Methods section
(OX) or with the MCO system plus PBN (P), and after washing macro-
phages were seeded onto the matrices and incubated for three hours.
Abbreviation S is the standard for iNOS, and b-actin. (B) In other
experiments macrophages were seeded onto control ECM with or without
the soluble scavenger receptor ligand poly(I) (PI). After three hours
incubation under these conditions cellular proteins were extracted, sepa-
rated via SDS-PAGE alongside mouse macrophage iNOS and b-actin
standards, electrophoretically transferred to nitrocellulose membranes
and the upper part of the membranes were incubated with an antibody to
mouse macrophage iNOS. The lower half of the membranes were
incubated with anti-b-actin antibody to control for loading. After incuba-
tion with secondary antibody and ECL chemiluminescent reagent autora-
diographs were produced.
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Khoury et al have demonstrated that scavenger receptors
mediate the binding of macrophages to ECM that has been
glycated [57]. We have reported that ECM derived from
glomerular mesangial cells is susceptible to oxidative mod-
ification using a MCO system, as evidenced by increased
carbonyl content, and that such modification enhances
macrophage adhesion possibly due to binding of macro-
phage scavenger receptors to oxidized moieties in the ECM
[29]. These data suggest that macrophage scavenger recep-
tors may play an adhesive role in addition to other func-
tions such as uptake of oxidized LDL, but it has not been
previously reported whether oxidative modification of ECM
could have functional consequences for macrophages.
In the present study, it appears that in addition to
promoting adhesion, oxidation of ECM enhances macro-
phage generation of NO, an effect that may be due to the
interaction of macrophage scavenger receptors with oxi-
dized proteins in the ECM. While we have not proven that
oxidative changes in ECM proteins are solely responsible
for the increase in macrophage NO generation, nitrite
accumulation was found to have a linear correlation with
ECM protein carbonyl content. Treatment with the radical
spin trap PBN was able to attenuate both the increase in
carbonyl content with MCO system treatment and subse-
quently the increase in NO generation. The greater effect
of PBN on inhibiting the stimulus to NO generation
compared to attenuating ECM oxidation might be related
to the fact that the macrophages in our experiments are
exposed only to the surface of the ECM (perhaps where
PBN can more effectively inhibit ECM oxidation), while
carbonyl analysis includes all of the ECM in the well
including deeper layers which PBN may less effectively
penetrate. Alternatively, PBN might have had some addi-
tional effect on nitrite accumulation. There appeared to be
no nonspecific effects of PBN treatment on control (non-
oxidized) ECM, as evidenced by a lack of difference in NO
generation between macrophages on control ECM and
ECM treated with PBN alone. Poly(I), a scavenger receptor
ligand, was able to augment NO generation, as could the
direct interaction with tissue culture plastic, an event that
has been shown by other investigators to be scavenger
receptor-mediated [49]. Finally, using Western blot analy-
sis, we found an increase in iNOS protein for cells on
oxidized ECM. Given the lack of change in iNOS mRNA
expression by Northern analysis, the increased nitric oxide
generation in our experiments appears to have taken place
by a post-transcriptional mechanism. Although the increase
in nitrite accumulation was attenuated by the iNOS inhib-
itor L-NAME and the calcium channel blocker cinnarizine
was without effect, other isoforms of NOS such as eNOS or
cNOS, described in other cell types, could play a role as
well.
In several well-defined circumstances ECM-induced
changes in cellular function and differentiation may have as
a requirement a change in cell conformation, such as the
development of spreading. For example, ligand binding to
integrins in the absence of a change in cell shape (for
example, by adding the ligand in suspension rather than it
being attached to a fixed substrate) is insufficient to prevent
apoptosis in spite of the well-known role of ECM in
preventing apoptosis of epithelial and other cells through
interaction with integrins [24]. Regarding macrophage NO
generation though, our data suggest that the enhanced
production of NO may not require a change in cell shape,
such as spreading, because the scavenger receptor ligand
poly(I) in suspension was found to significantly increase
NO generation as well. Our data with poly(I) also suggest
that following binding of macrophages to ECM oxidized to
the extent carried out in the present study, these cells retain
the capacity to bind additional ligand (most likely due to
some scavenger receptors remaining available for ligand
binding), allowing further augmentation of NO generation.
It is unclear what the consequences of increased NO
generation by macrophages interacting with oxidized ECM
would be as regards to the mesangium [34]. A number of
Fig. 9. Densitometric ratios for macrophage
iNOS/b-actin corresponding to experiments
shown in Figure 8. Bands were analyzed by
laser densitometry as described in Methods and
the corresponding iNOS and b-actin
densitometric ratios are given for each
experimental condition shown.
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reports have demonstrated that maneuvers which can po-
tentially increase NO generation, such as supplementation
with L-arginine, have a beneficial effect on glomerular
injury. Reyes et al, for example, have shown that L-arginine
supplementation attenuates glomerular injury in the subto-
tal nephrectomy model [36]. Ingram et al have shown in
vivo that L-arginine inhibits cell proliferation in the rem-
nant kidney model [58]. NO might exert a salutary effect in
glomerular disease by causing smooth muscle cell relax-
ation via increased generation of cyclic guanosine mono-
phosphate [59] and by exerting an antiproliferative effect
on mesangial cells exposed to mitogens [60]. Furthermore,
measures that inhibit NO generation have been shown to
accelerate renal injury [38]. However, some evidence sug-
gests that NO may have a exacerbating rather than ame-
liorating effect on glomerular injury [39, 40]. One potential
mechanism is the ability of NO to combine with oxygen
radicals to form peroxynitrite and hydroxyl radical [61].
Hence, in the kidney as well as other organ systems such as
the brain it appears that NO can exert either a beneficial or
harmful effect [62, 63].
The changes in nitrite levels we measured seem some-
what small compared to such powerful stimuli as LPS plus
interferon gamma, although we did demonstrate an in-
crease in iNOS protein expression at three hours via
Western blot analysis. Our experiments were designed to
evaluate the effect of oxidized ECM on macrophage NO
generation in the absence of such other stimuli, although in
vivo these may play a contributory role. While these
increases may be relatively small and seemingly unlikely to
affect processes such as vascular tone, over time such
changes in NO generation might have effects on the
function of neighboring cells. For example, relatively low
levels of NO generation yielding nitrite levels comparable
to those in the present study have been shown by one of us
to modulate mesangial ECM accumulation [64]. Hence,
one might speculate that long-term exposure of surround-
ing cells to modest elevations in NO generated by macro-
phages interacting with oxidized ECM might be able to
alter one or more such processes.
In summary, the present study demonstrates that oxida-
tion of ECM increases macrophage NO generation via a
mechanism that may involve scavenger receptor binding
to oxidized moieties in the modified ECM, resulting in
increased iNOS activity. This suggests a previously unde-
scribed role for oxygen radicals and ECM in the regulation
of cellular function.
Fig. 10. (A) Northern blot analysis for mouse macrophage iNOS in
macrophages seeded onto ECM preincubated for three hours under
control conditions (C), with the MCO system (OX) or coincubated with
the MCO system plus the radical spin trap PBN (PBN). After three hours
of incubation of macrophages on these matrices RNA was isolated from
the macrophages and Northern blot analysis was carried out as described
in the Methods section. The faint iNOS bands shown were obtained after
17 days exposure of the film to the membrane. Corresponding GAPDH
mRNA for each experimental condition is shown below the iNOS figure.
(B) Corresponding iNOS/GAPDH densitometric ratios for experiment
illustrated in panel A. Northern blot analysis for iNOS and GAPDH was
carried out on macrophages incubated on control ECM, oxidized ECM or
ECM coincubated with the MCO system plus PBN. Autoradiographs were
generated and bands were analyzed using laser densitometry as described
in the Methods section.
4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Mattana et al: Oxidized matrix and macrophage NO generation1590
ACKNOWLEDGMENTS
This work was supported by NIH grant 2RO1 DA 06753 (P.C.S.) and by
a Young Investigator Award (J.M.) and Research Fellowships (L.M. and
L.C.) from the National Kidney Foundation of NY/NJ. Portions of this
work were presented at the Annual Meeting of the American Society of
Nephrology, New Orleans, LA, November 1996.
Reprint requests to Joseph Mattana, M.D., Division of Kidney Diseases and
Hypertension, Room #228, Long Island Jewish Medical Center, New Hyde
Park, New York 11040, USA.
REFERENCES
1. VAN GOOR H, DING G, KEES-FOLTS D, GROND J, SCHREINER GF,
DIAMOND JR: Macrophages and renal disease. Lab Invest 71:456–464,
1994
2. NATHAN CF: Secretory products of macrophages. J Clin Invest 79:319–
326, 1987
3. VAN GOOR H, VAN DEN HORST MLC, FIDLER V, GROND J: Glomer-
ular macrophage modulation affects mesangial expansion in the rat
after renal ablation. Lab Invest 66:564–571, 1992
4. HOLDSWORTH SR, NEALE TJ, WILSON CB: Abrogation of macroph-
age-dependent injury in experimental glomerulonephritis in the rab-
bit. Use of anti-macrophage serum. J Clin Invest 68:686–698, 1981
5. HARRIS L, LEFKOWITH J, KLAHR S, SCHREINER GF: Essential fatty acid
deficiency ameliorates acute renal dysfunction in the rat after the
administration of aminonucleoside of puromycin. J Clin Invest 86:
1115–1123, 1990
6. BAUD L, ARDAILLOU R: Reactive oxygen species: Production and role
in the kidney. Am J Physiol 251:F765–F776, 1986
7. DIAMOND JR: The role of reactive oxygen species in animal models of
glomerular disease. Am J Kidney Dis 19:292–300, 1992
8. OBERLE GP, NIEMEYER J, THAISS F, SCHOEPPE W, STAHL RAK:
Increased oxygen radical and eicosanoid formation in immune-medi-
ated mesangial cell injury. Kidney Int 42:69–74, 1992
9. RAHMAN MA, EMANCIPATOR SS, SEDOR JR: Hydroxyl radical scaven-
gers ameliorate proteinuria in rat immune complex glomerulonephri-
tis. J Lab Clin Med 112:619–6261, 1988
10. SHAH SV: Evidence suggesting a role for hydroxyl radical in passive
Heymann nephritis in rats. Am J Physiol 254:F337–F344, 1988
11. THAKUR V, WALKER PD, SHAH SV: Evidence suggesting a role for
hydroxyl radical in puromycin aminonucleoside-induced proteinuria.
Kidney Int 34:494–499, 1988
12. NEALE TJ, OJHA PP, EXNER M, POCZEWSKI H, RU¨GER B, WITZUM JJ,
DAVIS P, KERJASCHKI D: Proteinuria in passive Heymann nephritis is
associated with lipid peroxidation and formation of adducts of type IV
collagen. J Clin Invest 94:1577–1584, 1994
13. STEINBERG D, PARTHASARATHY S, CAREW TE, KHOO JC, WITZUM JL:
Beyond cholesterol: Modifications of low-density lipoprotein that
increase its atherogenicity. N Engl J Med 320:915–924, 1989
14. SATRIANO JA, SHULDINER M, HORA K, XING Y, SHAN Z, SCHLON-
DORFF D: Oxygen radicals as second messengers for expression of the
monocyte chemoattractant protein, JE/MCP-1, and the monocyte
colony-stimulating factor, CSF-1, in response to tumor necrosis fac-
tor-a and immunoglobulin g. J Clin Invest 92:1564–1571, 1993
15. OLIVER CN, AHN B, MOERMAN EJ, GOLDSTEIN S, STADTMAN ER:
Age-related changes in oxidized proteins. J Biol Chem 262:5488–5491,
1987
16. DIAMOND JR, BONVENTRE JV, KARNOVSKY MJ: A role for oxygen free
radicals in aminonucleoside nephrosis. Kidney Int 29:478–483, 1986
17. TETI A: Regulation of cellular function by extracellular matrix. J Am
Soc Nephrol 2(Suppl 2):S83–S87, 1992
18. RAGHOW R: The role of extracellular matrix in postinflammatory
wound healing and fibrosis. FASEB J 8:823–831, 1994
19. MARK KVD, MARK HVD, GOODMAN S: Cellular response to extra-
cellular matrix. Kidney Int 41:632–640, 1992
20. MADRI JA, MARX M: Matrix composition, organization and soluble
factors: Modulators of microvascular cell differentiation in vitro.
Kidney Int 41:560–565, 1992
21. NEWMAN SL, TUCCI MA: Regulation of human monocyte/macrophage
function by extracellular matrix. J Clin Invest 86:703–714, 1990
22. AKIYAMA SK, NAGATA K, YAMADA KM: Cell surface receptors for
extracellular matrix components. Biochim Biophys Acta 1031:91–110,
1990
23. KASHGARIAN M, STERZEL RB: The pathobiology of the mesangium.
Kidney Int 41:524–529, 1992
24. SCHWARTZ MA, SCHALLER MD, GINSBERG MH: Integrins: Emerging
paradigms of signal transduction. Ann Rev Cell Dev Biol 11:549–599,
1995
25. OLIVER CN: Inactivation of enzymes and oxidative modification of
proteins by stimulated neutrophils. Arch Biochem Biophys 253:62–72,
1987
26. LEVINE RL, GARLAND D, OLIVER CN, AMICI A, CLIMENT I, LENZ
A-G, AHN B-W, SHALTIEL S, STADTMAN ER: Determination of
carbonyl content in oxidatively modified proteins. Methods Enzymol
186:464–478, 1990
27. OLIVER CN, STARKE-REED PE, STADTMAN ER, LIU GJ, CARNEY JM,
FLOYD RA: Oxidative damage to brain proteins, loss of glutamine
synthetase activity and production of free radicals during ischemia/
reperfusion injury to gerbil brain. Proc Nat Acad Sci USA 87:5144–
5147, 1990
28. LENZ A-G, ULRICH C, SHALTIEL S, LEVINE RL: Determination of
carbonyl groups in oxidatively modified proteins by reduction with
tritiated sodium borohydride. Anal Biochem 177:419–425, 1989
29. MATTANA J, MARGILOFF L, SINGHAL PC: Oxidation of mesangial
matrix augments adhesion of macrophages: Possible role of macro-
phage scavenger receptors. Biochem Biophys Res Commun 212:63–69,
1995
30. NATHAN C: Nitric oxide as a secretory product of mammalian cells.
FASEB J 6:3051–3064, 1992
31. MULLIGAN MS, HEVEL JM, MARLETTA MA, WARD PA: Tissue injury
caused by deposition of immune complexes is L-arginine dependent.
Proc Natl Acad Sci USA 88:6338–6342, 1991
32. FARRELL AJ, BLAKE DR, PALMER RMJ, MONCADA S: Increased
concentrations of nitrite in synovial fluid and serum samples suggest
increased nitric oxide synthesis in rheumatic diseases. Ann Rheum Dis
51:1219–1222, 1992
33. WRIGHT CE, REES DE, MONCADA S: Protective and pathological roles
of nitric oxide in endotoxin shock. Cardiovasc Res 26:48–57, 1992
34. RAIJ L, SCHULTZ PJ: Endothelium derived relaxing factor, nitric oxide:
Effects on and production by mesangial cells and the glomerulus. J Am
Soc Nephrol 3:1435–1441, 1993
35. SCHULTZ PJ, TAYEH MA, MARLETTA MA, RAIJ L: Synthesis and
action of nitric oxide in rat glomerular mesangial cells. Am J Physiol
261(Renal Fluid Electrol Physiol):F600–F606, 1991
36. REYES AA, PURKERSON ML, KARL I, KLAHR S: Dietary supplemen-
tation with L-arginine ameliorates the progression of renal disease in
rats with subtotal nephrectomy. Am J Kidney Dis 20:168–176, 1992
37. CHEN PY, ST JOHN PL, KIRK KA, ABRAHAMSON DR, SANDERS PW:
Hypertensive nephrosclerosis in the Dahl/Rapp rat–Initial sites of
injury and effect of dietary L-arginine supplementation. Lab Invest
68:174–184, 1993
38. BAYLIS C, MITRUKA B, DENG A: Chronic blockade of nitric oxide
synthesis in the rat produces systemic hypertension and glomerular
damage. J Clin Invest 90:278–281, 1992
39. WEINBERG JB, GRANGER DL, PISETSKY DS, SELDIN MF, MISUKONIS
MA, MASON SN, PIPPEN AM, RUIZ P, WOOD ER, GILKESON GS: The
role of nitric oxide in the pathogenesis of spontaneous murine
autoimmune disease: Increased nitric oxide production and nitric
oxide synthase expression in MRL-lpr/pr mice, and reduction of
spontaneous glomerulonephritis and arthritis by orally administered
NG-monomethyl L-arginine. J Exp Med 179:651–660, 1994
40. NARITA I, BORDER WA, KETTELER M, NOBLE NA: Nitric oxide
mediates immunologic injury to kidney mesangium in experimental
glomerulonephritis. Lab Invest 72:17–24, 1995
41. BANK N, AYNEDJIAN HS: Role of EDRF in diabetic renal hyperfiltra-
tion. Kidney Int 43:1306–1312, 1993
42. STUEHR DJ, MARLETTA MA: Mammalian nitrate biosynthesis: Mouse
macrophages produce nitrite and nitrate in response to E. coli
lipopolysaccharide. Proc Natl Acad Sci USA 82:7738–7742, 1985
43. KRIEGER M, ACTON S, ASHKENAS J, PEARSON A, PENMAN M, RESNICK
D: Molecular flypaper, host defense and atherosclerosis. J Biol Chem
268:4569–4572, 1993
44. MATTANA J, SINGHAL PC: Heparin attenuates the effect of mitogenic
Mattana et al: Oxidized matrix and macrophage NO generation 1591
vasoconstrictors on mesangial cell proliferation and handling of IgG
complexes. J Pharmacol Exper Ther 273:80–87, 1995
45. XIE Q-W, CHO HJ, CALAYCAY J, MUMFORD RA, SWIDEREK KM, LEE
TD, DING A, TROSO T, NATHAN C: Cloning and characterization of
inducible nitric oxide synthase from mouse macrophages. Science
256:225–228, 1992
46. MATTANA J, MARGILOFF L, SINGHAL PC: Metal-catalyzed oxidation of
extracellular matrix proteins disrupts integrin-mediated adhesion of
mesangial cells. Biochem Biophys Res Commun 233:50–55, 1997
47. BRADFORD MM: A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72:248–254, 1976
48. GREEN LC, WAGNER DA, GLOGOWSKI J, SKIPPER PL, WISHNOK JS,
TANNENBAUM SR: Analysis of nitrate, nitrite, and [15N]nitrate in
biological fluids. Anal Biochem 126:131–138, 1982
49. FRASER I, HUGHES D, GORDON S: Divalent cation-independent
macrophage adhesion inhibited by monoclonal antibody to murine
scavenger receptor. Nature 364:343–346, 1993
50. LAEMMLI UK: Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (Lond) 277:680–685, 1970
51. CHOMCZYNSKI P, SACCHI N: Single-step method of RNA isolation by
acid guanidine thiocyanate phenol-chloroform extraction. Anal Bio-
chem 162:156–159, 1987
52. SINGHAL PC, MATTANA J, GARG P, ARYA M, SHAN Z, GIBBONS N,
FRANKI N: Morphine-induced macrophage activity modulates mesan-
gial cell proliferation and matrix synthesis. Kidney Int 49:94–102, 1996
53. SEDOR JR, ABBOUD HE: Histamine modulates contraction and cyclic
nucleotides in cultured rat mesangial cells. Differential effects medi-
ated by histamine H1 and H2 receptors.
54. RE F, ZANETTI A, SIRONI M, POLENTARUTTI N, LANFRANCONE L,
DEJANA E, COLOTTA F: Inhibition of anchorage-dependent cell
spreading triggers apoptosis in cultured human endothelial cells. J Cell
Biol 127:537–546, 1994
55. CROWLEY ST, BROWNLEE M, EDELSTEIN D, SATRIANO JA, MORI T,
SINGHAL PC, SCHLO¨NDORFF DO: Effects of nonenzymatic glycoslya-
tion of mesangial matrix on proliferation of mesangial cells. Diabetes
40:540–547, 1991
56. SILBIGER S, CROWLEY S, SHAN Z, BROWNLEE M, SATRIANO J, SCHLO¨N-
DORFF D: Nonenzymatic glycation of mesangial matrix and prolonged
exposure of mesangial matrix to elevated glucose reduces collagen
synthesis and proteoglycan charge. Kidney Int 43:853–864, 1993
57. EL KHOURY J, THOMAS CA, LOIKE JD, HICKMAN SE, CAO L,
SILVERSTEIN SC: Macrophages adhere to glucose-modified basement
membrane collagen IV via their scavenger receptors. J Biol Chem
269:10197–10200, 1994
58. INGRAM A, PARBTANI A, THAI K, LY H, SHANKLAND SJ, MORRISSEY
G, SCHOLEY JW: Dietary supplementation with L-arginine limits cell
proliferation in the remnant glomerulus. Kidney Int 48:1857–1865,
1995
59. IGNARRO LJ, LIPPTON H, EDWARDS JC, BARICOS WH, HYMAN AL,
KADOWITZ PJ, GRUETTER CA: Mechanism of vascular smooth muscle
relaxation by organic nitrates, nitrites, nitroprusside and nitric oxide:
Evidence for the involvement of S-nitrosothiols as active intermedi-
ates. J Pharmacol Exp Ther 218:739–749, 1981
60. GARG UC, HASSID A: Inhibition of rat mesangial cell mitogenesis by
nitric oxide-generating vasodilators. Am J Physiol 257:F60–F66, 1989
61. BECKMAN JS, BECKMAN TW, CHEN J, MARSHALL PA, FREEMAN BA:
Apparent hydroxyl radical production by peroxynitrite: Implications
for endothelial injury from nitric oxide and superoxide. Proc Natl Acad
Sci USA 87:1620–1624, 1990
62. KLAHR S, MORRISSEY J: Renal disease: The two faces of nitric oxide.
Lab Invest 72:1–3, 1995
63. CHOI DW: Nitric oxide: Foe or friend to the injured brain? Proc Natl
Acad Sci USA 90:9741–9743, 1993
64. TRACHTMAN H, FUTTERWEIT S, SINGHAL PC: Nitric oxide modulates
the synthesis of extracellular matrix proteins in cultured rat mesangial
cells. Biochem Biophys Res Commun 207:120–125, 1995
Mattana et al: Oxidized matrix and macrophage NO generation1592
